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drugs the kidney is the primary organ of elimina- 
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elimination in the body. Most drugs are ^ehm, J-"^^ Organic anion and 

nated to some extent by the kidneys and for many transpor \ system6 are two of the 
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and membrane preparations and cell culture 
models. These studies helped define transport 
mechanisms and, to a limited degree, substrate 
specificities. 2 '** 3 Many of the transporters under- 
lying these transport systems have been cloned 
during the past decade and have opened up new 
and exciting areas of research in the pharmaceu- 
tical sciences. To date, 14 distinct renal organic 
anion transporters and organic cation transpor- 
ters have been cloned and found to belong to one of 
the following gene families: OAT, OAT-K/oatp, 
OCT, or OCTN. AJthough more work is needed to 
fully decipher the roles of these transporters in 
renal drug elimination, significant progress has 
been made in the initial molecular and cellular 
characterization of these transporters. In this 
review we summarize and evaluate the progress 
made in the cloning and characterization of 
organic anion transporters and organic cation 
transporters and consider their roles in renal drug 
elimination. Three critical areas are discussed: 
transport mechanism, intracellular localization, 
and drug-transporter interactions. In addition, 
other topics will be briefly discussed. The reader i: 
referred to other recent reviews for more inforao- 
tion on additional aspects of organic cation trans- 
porters and organic anion transporters. 6-11 



BLM by a tertiary, active organic anion -di car - 
boxylate exchanger, the most extensively studied 
organic anion transport system in the kidney. 2,4,5 
There are additional transport systems in the 
BLM of the kidney, but these are not as well 
defined. 414 In the BBM, several putative trans- 
port systems have been described, but their driv- 
ing forces and substrate specificities are poorly 
understood. 4,14 

In the past five years, nine distinct organic 
anion transporters have been cloned; these trans- 
porters belong to one of two gene families, OAT or 
oatp/OAT-K. Organic anion transporters are 
expressed primarily in epithelial tissues such as 
kidney, liver, and intestine, where they play roles 
in drug absorption, distribution, and elimination. 
In addition, several isoforms have been detected 
in the brain, where they may function in drug 
transport across the blood -brain barrier or the 
blood -cerebrospinal fluid (CSF) barrier. The mole- 
cular characterization of these transporters is 
under way, and significant progress has been 
made in some areas, such as inhibitor specifici- 
ties. Next we summarize the available data for 
each of the cloned organic anion transporters and 
consider the role of these transporters in renal 
drug elimination. 



TRANSPORTERS INVOLVED IN THE RENAL 
ELIMINATION OF ORGANIC ANIONS 

Background and Significance 

Organic anions are, by definition, organic mole- 
cules that possess one or more negatively charged 
moieties at physiological pH. Many organic anions 
are removed from the systemic circulation by 
the kidneys. For example, penicillin is rapidly 
excreted by the kidneys at rates as high as 2 g/h: 
10% of its renal excretion occurs by glomerular 
filtration, whereas 90% occurs by tubular secre- 
tion (i.e., a transporter-mediated process). 12 Like- 
wise, tubular secretion is the primary pathway of 
methotrexate elimination from the systemic cir- 
culation. 13 The mechanisms and specificities of 
renal organic anion transport systems have been 
studied over the past two decades using a number 
of different animal models, tissue preparations 
(e.g., membrane vesicles and tissue slices), and 
cultured cells. Renal organic anion transport 
mechanisms have been examined, for the most 
part, using PAH as a model substrate. 2,4,5 It has 
been reported that PAH is transported across the 
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OATl 

1 . Molecular Characteristics. 0 ATI was first cloned 
from a rat kidney cDNA library in 1997. 15,16 
The orthologs from human (hOATl, also termed 
hPAHT), and mouse (mOATl, also termed NKT) 
have been identified as well. 17 " 22 The three OATl 
orthologs . share ~80% sequence identity. The 
OATl cDNAs are predicted to encode proteins of 
546, 551, and 550 amino acid residues for the 
mouse, rat, and human transporters, respectively. 
Hydropathy analyses suggest that OATl has 7-12 
TMDs. 15 - 17,19 - 22 Variants of OATl have been 
identified. A variant of hOATl, termed hOATl-1, 
has been isolated; it is identical to the other 
hOATl sequences, except that it has an additional 
13 amino acids near the carboxylterminus. 23 Two 
splice variants of hOATl, hOATl-3 and hOATl-4, 
have also been isolated, but their function remains 
to be determined. 24 . 

2. Tissue Distribution and Localization. Northern 
blot analyses show that OATl transcripts are 
expressed abundantly in the kidney and at lower 
levels in the brain (Table j n situ 
studies demonstrate that mOATl and rOATl 



BNSDOCID: <XP 2959943A_I_> 



TRANSPORTERS IN THE 



INVOLVED IN DRUG ELIMINATION 39S 



Table 1. Transporter Expression in Adult Kidney, Liver, Intestine, and Brain 0 



Transporter 



Kidney 



Liver 



Intestine 



Brain 



Reference 



mOATl 

rOATl 

hOATl 

rOAT2 

rOAT3 

hOAT3 

hOAT4 

rOAT-Kl 

rOAT-K2 

roatpl 

hOATPl 

roatp2 

roatp3 

mOCTl 

rOCTl 

rOCTlA 

rbOCTl 

hOCTl 

mOCT2 

rOCT2 

hOCT2 

mOCT3 

rOCT3 

hOCT3 

rOCTNl 

hOCTNl 

rOCTN2 

hOCTN2 



S, XXX 

xxx, s; xxx 



xxx, xxx, xxx 



X 

XX 

xxx 
xxx 

*** 
»*• 

xxx, ND 
xxx 

? 

xxx 
xxx 

S, xxx; xxx; ##* 

r, ### 

n 

•** 

***, s 

s; ND 

s 

x,x 

ND, xx, ** 

XX, s 

xxx 
s 

xxx, xxx 



NF 

NF, NF 

NF, NF, NF, NF 

xxx 

xxx 

NF 

NF 

NF 

NF 

xxx, s 

xxx 

XXX, XXX, 8 
X 

xxx 

s, xxx; xxx; 

#*# 

MP 

XXX,'" 

NF 

NF, NF, ND 
NF, ND 
ND 

NF, NF 

###, xxx, xx 

xxx 

NF 

ND 

x,x 



NF 

NF, ND 

NF, NF, NF, NF 

NF 

NF 

ND 

NF 

NF 

NF 

NF, ND 
NF 

ND, ND, ND 

ND 

xxx 

s, x; x; # 

4 

# 

NF,# 
ND 

NF, NF, ND 
#, ND 
ND 

XX, XX 

ND, ND, NF 

XXX 

NF 
ND 

xx, ND 



x 

x,NF 
#, NF, x. x 
NF 
xx 

X 

NF 
NT 
NF 

xxx, ND 
xxx 

xxx; xxx, s; ND 

NT 

NF 

NF, NF, NF 

NF 

ND 

x,# 

u 

NF, ##, ND 

x, s 
ND 
x,s;x 
#, NF, # 
x,s 
NF 
s 

x,x 



21 

15,16 

17,19,20,23 

32 

33 

20 

36 

37 

42 

43,57 
44 

53,54,57 

54 

61 

60,66,73 

65 

62 

63,64 
74 

72,73,75 
64,76 * 
83 

66,80 

81-83 

85 

84 

88 

87,89 



mRNA transcripts are expressed in renal proxi- 
mal tubules. 15 ' 21 Immunohistochemical studies 
have revealed that rOATl and hOATM are loca- 
lized to the BLM of renal proximal tubule cells 
(Table 2X 23 ' 25 

3. Functional Characteristics. The transport of 
the classical model organic anion, PAH, by OAT1 
is saturable and sodium ndependent. 
The uptake rate of PAH is increased by an out- 
wardly directed dicarboxylate gradient, the signa- 
ture characteristic of the PAH transport system in 
the basolateral membrane of the kidney. • OAT1 
interacts with numerous clinically used anionic 
drugs from various classes: p-lactam antibiotics, 
diuretics, NSAIDs, antiviral drugs, and antidia- 
betic, antiepileptic, and antineoplastic agents 
(Table 3). l5 ^ 7 « 19 ^ 2 . 26 - 28 The substrate and inhibi- 
tor specificity of rOATl has been extensively 
examined. 16 ' 17 ' 2 *" 29 In a detailed study of the 
interactions of antibiotics with rOATl, it was 



found that 17 p-lactam antibiotics reduced rOAT 
1-mediated PAH uptake (Table 3) 26 In addition, 
cells expressing rOATl accumulated radiolabeled 
penicillin G and cephaloridine 3- to 4-fold over 
controls, indicating that rOATl transports these 
compounds. It has also been found that the 
NSAIDs interact with rOATl: ibuprofen, indo- 
methacin, salicylate, and naproxen potently inhi- 
bited PAH uptake mediated by rOATl in a 
competitive manner (£ = 2-10 \M); acetylsalicy- 
late, salicylate, and phenacetin were less potent 
inhibitors (& = 300-400 ^M), and acetaminophen 
was a weak inhibitor (£ = 2 mM; Table 3) 27 In 
addition, acetylsalicylate, salicylate, and indo- 
methacin were found to be substrates of rOATl, 
but their uptake rates were low. The antiviral 
agents cidofovir and adefovir are actively secreted 
in the kidneys and accumulate in renal cells. 
Cihlar and co-workers demonstrated that cidofo- 
vir and adefovir are transported by hOATl and by 
rOATL 17 ' 30 In a recent study, it was shown that 
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Table 2. Intracellular Localization of Organic Anion and Organic Cation Transporters 


Transporter 


Localization 


Tissue or cell line 


Method 0 


Reference 


rTIATl 


RT VI 


kidney 


1 


OK 
ZD 


nuAl l 


DLJVI 


kidney 


T 
1 


16 


rUAlz 


DIM 


liver 


T 
1 


31 


-OAT K\ 
T\Ji\ I -til 


RT M 


TIP T>V 


c» 
r 


O/ 




QD\f 

dJdM 


kidney 


i 


38 




DDSA 


MUUK 


r 


39 


rUAI -K2 


BBM 


MDCK 


F 


42 


roatpl 


BBM 


kidney 


I 


45 




BLM 


liver 


I 


45,57 




BBM 


choroid plexus 


I 


46,55 


roatp2 


BLM 


liver 


I 


56,57 




BLM 


choroid plexus 


I 


55 


rOCTl 


BLM 


liver 


I 


68 




BLM 


kidney 


I 


67 




BLM 


MDCK 


F 


67 


rOCT2 


BLM 


MDCK 


F 


67 




BLM and BBM 


MDCK 


F 


77 


pOCT2 


BBM 


LLC-PKi 


F 


73 


h0CT2 


BBM 


kidney 


I 


64 



"Localization determined by the following methods: 1; immunohistochemistry; and F. functional localization in a polarized cell 
line. 



antiviral nucleosides, which lack anionic moie- 
ties, interact with and in some cases are trans- 
ported by rOATl (Table 3). 29 

OAT2 

L Molecular Characteristics. rOAT2 was first 
isolated from a rat cDNA library using a glucagon 
receptor antibody and was named NLT (novel 
liver-specific transport protein), 31 NLT was shown 
to be expressed within the sinusoidal membrane 
of hepatocytes, but its substrates were not deter- 
mined. Subsequently, Sekine and co-workers 
found that NLT transports organic anions and 
proposed to rename NLT as rOAT2. 32 NLT shares 
42% sequence identity with OAT1. 

2. Tissue Distribution and Localization, Northern 
blot analysis showed that rOAT2 is expressed at 
high levels in the liver and at low but significant 
levels in the kidney, and is not detected in any 
of . the other tissues tested (testes, colon, ileum, 
spleen, brain, eye, placenta, lung) (Table l). 32 
Although rOAT2 has not been localized in the 
kidney, it was determined to reside in the sinu- 
soidal membrane of hepatocytes (Table 2). 31 

3. Functional Characteristics. Organic anion 
transport mediated by rOAT2 was shown to be 

JOURNAL OF PHARMACEUTIC Al SOFNrF* v^v o-> - .o« 



sodium-independent and not driven by an out- 
wardly directed glutarate gradient. 32 Therefore, 
it appears that transport via rOAT2 may be 
facilitative or is driven by a yet unidentified mec- 
hanism. The substrate and inhibitor selectivity of 
rOAT2 appears to be similar to that of OAT1, with 
a limited number of inhibitors tested. 32 rOAT2 
was shown to transport radiolabeled PAH, metho- 
trexate, acetylsalicylate, a-ketoglutarate and 
PGE 2 . Salicylate uptake mediated by rOAT2 was 
potently inhibited by a number of clinically used 
drugs (at 1 mM), such as bumetanide, cefoper- 
azone, and ketoprofen (Table 3). Whether or not 
these compounds are also substrates of OAT2 
remains to be determined. 



2. Molecular Characteristics. rOAT3 was cloned 
from rat brain using a homology-based cloning 
method. 33 rOAT3 shares sequence identity with 
other organic anion as well as cation transporters 
as follows: rOATl (49%), rOAT2 (39%), and rOCTl 
(36%). In addition, the putative murine ortholog 
(termed Roct) of rOAT3 was isolated in 1998 
from an animal model for osteopetrosis, the oc 
mouse, in which its expression level was found to 
be greatly reduced compared with that in wild- 
type mice. 34,35 Recently, the putative human 
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Table 3. Compounds that Interact with Organic Anion and Organic Cation Transporters* 



Compound 



Transporter 



Ki or tfTJ (nM) 



Reference 



Acebutolol 

Acetyl-L-carnitine 

Acetylsalicylate 

Acyclovir (ACV) 
Adefovir 

Adrenaline 

Aldosterone 
Amantadine 

Aminopterin 
cAJMP 

Amphetamine 
araC 

Atorvastatin 
AZT (zidovudine) 



Betaine 
BSP 



Bumetanide 



Captopril 
Carbenicillin 
L- Carnitine 



D-Carnitine 

Carprofen 

Cefazolin 

Cefepime 

Cefluprenam 

Cefoperazone 

Cefoselis 

Cefsulodin 
Ceftazidime 
Cephalexin 
Cephaloridine 



hOCTl 
hOCTN2 

rOATl 
rQAT2 
rOATl 

xom 

hOATl 

rOCT2 

hOCT3 

hOCTN2 

hOCTl 

hQCT2 

rOAT-Kl 

rOATl 

rOCT3 

rQCTl 

roatpl 

rQCTl 

rOATl 

rOAT3 

rOAT2 

rOAT3 

hOAT4 

rOAT-Kl 

roatpl 

hOATPl 

hOATl 

rOAT2 

rOAT3 

hOAT4 

mOATl 

rOATl 

hQCTNl 

rQCTNZ 

hOCTN2 

hOCTNl 

hQ£ffl2 

mOATl 

rOATl 

rOCTN2 

hOCTN2 

rOCTN2 

hOCTN2 

rOATl 

rOAT2 

rOAT3 

rOCTN2 

hOCTN2 

hOCTN2 

hOCTN2 

rOATl 

xom 

hOCTNl 



96 

(8.5) 

428 

ND 

(242) 

(270) 

(30), (24) 

(1900) 

ND 

ND 

ND 

(27) 

0.5 

ND 

42 

ND 

ND 

ND 

(68) 

ND 

ND 

ND 

ND 

ND 

ND 

(1.5), (3.0) 

(20), ND 

ND 

ND 

ND 

ND 

ND 

500 

ND 

ND 

(15) 

ND, (4.3), (4.8) 
ND 

(11), (98) 

ND 

450 

2100 

1700 

ND 

ND 

ND 

ND 

ND 

6400 

6400 

ND 

ND 

2310 

ND, 2330 
ND 



90 
27 
32 
29 
17 

17,30 

75 

81 

90 

69 

76 

40 

15 

66 

78 

109 

78 

29 

33 

91 

32 

33 

36 

37 

43,48 

44,52 

20 

32 

33 

36 

22 

26 

86 

88 

88 

88,90,91 
86 

90,91 

22 

26 

110 

110 

110 

110 

26 

32 

33 

110 

110 

90 

90 

26 

15,26 
86 
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Table 3. {Continued) 



Compound 



Cephalothin 

Chlorpropamide 

Cholate 



Choline 



Cidofovir 
Cimetidine 



Cisplatin 

ClAdo 

Clonidine 



Corticosterone 



Creatinine 

CRC 220 
Cyanine-863 



Cysteine 



Transporter 


Kior (K m ) (jjM) 


Reference 


rOCTN2 


790 


110 


hOCTN2 


ND, 230 


90,110 


rOATl 


290 


26 


rOATl 


39.5 


28 


rOAT3 


ND 


33 


roatpl 


ND,(54) 


43,48 


hOATPl 


(93) 


44 


roatp2 


(46) 


53 


rOCTl 


(1100), 440 


111,112 


rOATlA 


ND 


65 


hOCTl 


ND 


69 


rOCT2 


159 


112 


hOCT2 


(210) 


64 


rOCT3 


ND 


66,80 


rOCTN2 


ND 


88 


hOCTN2 


ND 


91 


rOATl 


(238) 


17 


hOATl 


(46), (58) 


17,30 


rOCTH 


5.7, 329, ND 


67,112,113 


rOCTIA 


ND 


65 


rbOCTl 


ND 


62 


hOCTl 


166 


69 


rOCT2 


9.4, 198, 373, (21) 


67,79,112,113 


raOCT3 


ND 


83 


rOCT3 


ND 


66,80 


HOCT3 


ND 


113 


rOCTNl 


1540 


85 


hOCTNl 


ND 


86 


rOCTN2 


ND 


88 


hOCTN2 


ND 


66,88,90 


rOAT3 


ND 


33 


rOCT2 


925 


79 


rOCTl 


ND 


78 


rOCTl 


1.4 


114 


hOCTl 


0.55 


69 


mOCT3 


ND 


83 


rOCT3 


ND 


66 


hOCT3 


373 


83 


rOCTN2 


ND 


88 


hOCTN2 


ND 


90 


rOCTl 


10, 72 ■ 


60,114 


hOCTl 


7.0 


69 


pOCT2 


0.67 


73 


rOCT2 


4.2, 0.5 


66,75 


rOCT3 


4.9 


66 


hOCT3 


0.12 


81 


hOCTN2 


ND 


90 


hOAT4 


ND 


36 


hOCTl 


ND 


69 


rOCT? 


ND 


113 


roatpl 


(57) 


48 


rOCTl 


0.13, 0.67 


60,114 


pOCT2 


0.5 


73 


hOCT2 


0.21 


64 


hOCTN2 


ND 


91 
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Table 3. (Continued) 





i. I al lopui Lcl 


nAPvnium-22 


rOCTl 




hOCTl 




rOCT2 




p0CT2 




hOCT2 


Deoxycorticosterone 


rOCT2 




rOCT3 


jjesiprarnine 










hOCT2 




I \J\J 1 u 




nuLrio 




rOCTNl 








nUL/1 Vi£ 


UJriJtiA-s 






roaptl 




rOBLpZ 


Diclofenac 






run 1 x 


Tli/i annoma 

ijitiuuuaiiic 


rOATl 


UlgUAJll 


matn2 






111 e^v»^n*a mina 

jjisopyroiniae 


hOCTl 


III PVM*/i/*lm til yrs / /i 

uisprocyniumz'i 


rOCTl 










DMA 


m0CT3 




rOCT3 




rOCTNl 




rOPTN2 


a LuD 


rOPTl 


TlnnoTTiirio 


rOCTl 




hOCTl 








frOCT2 






Lmetine 




EnalflDril 


mOATl 




roatpl 


Jut ry Wli Ullljrvill 


hOATPl 


p- Ji/oUX auiui 


rOCT2 


rOCT3 


Estradiol-! 76- j?lucuronide 


roatpl 




roatp2 


Estrone sulfate 


rOAT3 




horn 




roatpl 




roatp2 


Ethacrynic acid 


rOATl 


Fexofenadine (allegra) 


roatpl 


hOATPl 




roatp2 


Flufenamate 


rOAT-Kl 


Fluorescein 


hOATl 



Ki or lK m ) (nM) 


Reference 


0.36, 22, 0.5 


60,112,114 


4.4, 2.7 


63,69 


14 


112 


0.05 


73 


0.10 


64 


1.9 


66 


8.4 


66 


2.8 


60 


5.3 


69 


16 


64 


68 


66,80 


14 


83 


80 


85 


ND 


88 


ND 


88 


(0.63) 


36 


(5.0) 


48 


ND 


56 


ND 


22 


ND 


27 


ND 


29 


(0.24), ND 


53,56 


ND 


42 


ND 


69 


0.11 


114 


0.01 


75 


0.01 


81 


ND 


83 


ND 


66,80 


180 


85 


ND 


88 


(10) 


78 


(1100), (51) 


115,116 


ND 


69 


2300, (2100) 


66,75 


(390), (330) 


76 


620 


66 


4.2 


91 


ND 


22 


(214) 


51 


ND 


52 


84.8 


66 


1.1 


66 


(4) 


48 


(3). ND 


53,56 


(2.3) 


33 


(1.0) 


36 


(11) 


48 


ND 


56 


ND 


15 


(32) 


52 


(6.4) 


52 


(6.0) 


52 


ND 


41 


ND 


19 
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Table 3. (Continued) 



Compound 


Transporter 


A', or [ff«)(|iM) 


Reference 


Folic acid 


mOATl 


ND 


22 




rOAT-Kl 


ND, 14 


37,40 




rOAT-K2 


ND 


42 


Folinic acid 


rOAT-Kl 


8.2 


40 


Furosemide 


rOATl 


ND 


15 




hOATl 


ND 


19,20,23 




rOAT3 


ND 


33 




hOAT4 


ND 


36 




rOAT-Kl 


ND 


37 




rOAT-K2 


ND 


42 


cGMP 


rOATl 


ND 


15 


Guanidine 


rOCTl 


724, 4200 


67,113 




rOCTIA 


ND 


65 




rOCT? 


714, (730) 


67,113 




mOCT3 


ND 


83 




rOCT3 


ND 


66,80 




hOCT3 


6200. 13,000 


83,113 


Glibenclamide 


rOATl 


1.6 


28 


Glutarate 


hOATl 


ND 


19 


Histamine 


rOCTl 


1400 


113 




rOCT2 


(540) 


113 




hOCT2 


(1300) 


76 


■ 


hQCT3 


(180) 


113 


Hippurate 


hOATl 


ND 


19 


Ibuprofen 


rOATl 


3.5 


27 




hOAT4 


ND 


36 




rOAT-Kl 


ND 


41 


Imipramine 


hOCT3 


42 


83 




rOCTNl 


ND 


85 


Indinavir 


hOCTl 


62 


117 




hOATPl 


ND 


52 


Indomethacin 


mOATl 


ND 


22 




rOATl 


ND, 10 


15,27 




hOATl 


ND 


19,23 




KOAT4 


ND 


36 




rOAT-Kl 


1000 


41 




rOAT-K2 


ND 


42 


oc-Ketoglutarate 


mOATl 


ND 


22 




cQAIi 


ND 


15.16 




hOATl 


ND 


17.19,20,23 




rQATg 


(18) 


32 


Ketoprofen 


rOATl 


ND 


27 




rOAT2 


ND 


32 




rOAT-Kl 


1900 


41 


Lamivudine 


rQATj 


ND 


29 


. Levofloxacin 


rOCT2 


ND 


112 




rOAT-K2 


ND 


42 


Losartan 


hOATl 


ND 


20 


Lovastatin 


roatpl 


ND 


109 




hOATPl 


ND 


52 


Lysine 


hOCTN2 


ND 


91 


Memantine 


hQCT2 


(34) 


76 


Mepiperphentdol 


rOCTl 


5.2 


60 




- hOCT2 


1.8 


64 


Methamphetamine 


rOCT3 


247 


66 
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Table 3. {Continued) 



Compound 


1 ransporter 


Ai or (A m ) (^M) 


iteierence 


Methioni np 


hOfTN2 


Nn 


91 

71 


Methot rp x a t p 


mfiATl 










ism 


1 tL 
AU 




AT9 




99 
0* 




nJAlO 


INI/ 


00 




rAAT Ifl 




0 




-/NAT VO 


xin 
INJJ 


19 


iviiaazoiam 


nUOI 1 


o. / 


by 


upTP 
Mr ir 


mUOIo 


ND 


00 




rOCT3 


ND 


OA 

80 




rUuTNZ 


ND 


OQ 
00 




hOLl N2 


xm 
ND 


o7,oo 


MPP * 
ivirr 


ruuii 


Id, O.o, (10), 64, (loj 


CA en ill no 1 1 i 
0U,O/,lll,llZ,I14 




roOCTl 


(23) 


62 




hOCl 1 


(15), 12 


63,69 




rOLT2 


1.8, 44 


67,112 




hOCT2 


(19), 2.4; (16) 


64,76 




mOCT3 


ND 


83 




rOCT3 


(91), 143; ND 


66,80 




hQCT3 


ND; 54, (47) 


81,83 




rOCTNl 


ND 


85 




r0CTN2 


ND 


88 




h0CTN2 


ND 


87,90 


Naproxen 


rOATl 


2 


27 


Nateglinide 


rOATl 


9.2 


no 

28 


Nelfinavir 


hOCTl 


22 


117 




hOATPl 


ND 


52 


Nicotine 


rOCTl 


64.3 


67 




rUCTz 


50.5, ND 


Of, 11/ 




rOCT3 


ND 


OA 




nUOil 


INJJ 


OI7 




ruo I «N JL 


XNLJ 


DO 




KHPTWl 

nuwiiNi 


IN LP 


OO 






*i JL/ 


88 






ND 


87,90 


IMV1N 




lAAfl H4.n^ 94ftfl R7fl 

lUvv, \u^*U/, /tivw, o*v/ 


firt 111 112 67 

UU, AAA, ll«t VI 




TvJAi. LA 


NT) 






rKnrTi 

iUVV/ I A 


ND 

ATI U 


62 




hnrri 


77ftfl 


69 






inn ifion 


67 112 

\j » jllt> 




hOCT2 


(300) 


64 




lliV/V/ J. u 


ND 


83 




ruuio 


1> u 




Noradrenaline 


rOCTl 


(2800) 


115 




r0CT2 


(4400) 


75 




hOCT3 


(510) 


81 


Norepinephrine 


r0CT2 


11,000 


66 


h0CT2 


(1900) 


76 




rOCT3 


434 


66 


Ochratoxin A 


r0AT3 


(0.74) 


33 




h0AT4 


ND 


36 




roatpl 


(29) 


48 


O-Methylisoprenaline 


rOCTl 


43,25 


60,114 


p0CT2 


880 


73 




h0CT2 


570 


64 
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Tabl^F (Continued) 




°xyphenbutazone 
Ouabain 

PAH 



Pancuronium 
Pantothenic acid 
Paracetamol 
peniciilin G 



PGE 2 

Phenacetin 
Phenol red 

Phenylbutazone 
Piroxicam 

PMEOAP 
PMEG 

Pravastatin 
Probenecid 



Procai; 



n amide 



Progesterone 
Pyrilamine 
Quinidine 



rOATl 
rOATK-2 
roatpg 

hQ&ri 

rQAT2 

rQAT3 
hOCTl 
mOATl 
rOATl 

rOAT3 
hOAT4 
iQAIl 

rOATl 

hOATl 

rOAT-Kl 

rOATl 

rOAT3 

&m 

ilOATl 
rOATl 

roatpl 



roatp2 

raOATl 

rOATl 

hOATl 

rOAT3 

hOAT4 

rOAT-K2 

rOCTl 

rOCTU 
hOCTl 

rOCT2 

HOCT2 

hOCT3 

rOCTNl 

hOCTNl 

rOCm 2 

H0CTN2 

rOCT2 

rOCT3 

boom 

hCCTN2 
rOCTl 
hOCTl 
rOCT2 

rOAT3 
hOATPi 



32 
KD 
(470) 
(37) 

(14), (70) 

(5 >. (9-3), (15) 

ND 

(65) 

ND 

ND 

2099 

1680 

ND 

ND 

ND 

ND 

ND 

488 

ND 

ND 

52 

ND 

ND 

ND 

ND 

ND 

(30) 

38 

ND 

ND 

ND 

ND 

ND 

ND 

13, 44.4 
ND 

73.9, 107 
257 
50 
738 



ND 

ND 

ND 

1.6 

10.5 

ND 

ND 

H.6, 6.0 
17.5, 23.4 
19.1, ND 

ND 

ND 

ND 

ND 



27 
42 
53 
22 

15,16 

19,23,30 

32 

33 

63 

22 

27 

26 

33 

36 

15 

32 

42 

27 

23 

41 

27 

33 

17 

17 

17 

17 

109 

118 

22 

15,16 

17,19,20,23 

33 

36 

42 

60,112 
65 

69,70 

112 

64 

83 
85 
86 
88 

87,90 

66 

66 

86 

90 

67,114 

69,70 

67 ; 112 

86 

90,91 

33 

52 



2001 
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Table 3. {Continued) 



Compound 


Transporter 


Ki or tff w )(jiM) 


Reference 


Quinine 


rOCTl 


0.93, 4.3 


60,114 




hOCTl 


22.9, 22.6 


69,70 




hOCT2 


3.4 


64 




pOCT2 


5.5 


73 




hOCTNl 


ND 


86 




hOCTN2 


ND 


90 


Reserpine 


rOCTl 


20 


60 


Riboflavin 


mOATl 


ND 


22 


Rifampicin 


rOAT2 


ND 


32 


Ritonavir 


hOCTl 


5.2 


117 




hOATPl 


ND 


52 


Salicylate 


rOATl 


341 


27 




hOATl 


ND 


20 




rOAT2 


(88) 


32 


Salicylurate 


rOATl 


11 


27 


Saquinavir 


hOCTl 


8.3 


117 




hOATPl 


ND 


52 


Semuatine 


mOATl 


ND 


22 


Serotonin 


rOCTl 


(650) 


115 




rOCT2 


(3600) 


75 




hOCT2 


(80) 


76 




rOCT3 


970, ND 


66,80 


Simvastatin 


roatpl 


ND 


109 


Stavudine 


rOATl 


ND 


29 


Sulindac 


mOATl 


ND 


22 


Taurocholate 


rOAT3 


ND 


33 




rOAT-Kl 


ND 


37 




rQAT-K? 


(10) 


42 




roatpl 


(32) 


43,48,109 




hOATPl 


(60) 


44 




roatp2 


ND 


56 




roatpd 


(18) 


54 


TBA 


mQCTl 


7.3 


71 




rOCTl 


17 


71 




rtOCTl 


25 


71 




hOCTl 


52,30 


70,71 


TBuMA 


hOCTl 


66 


70 


TEA 


mQCTl 


128 


71 




rOCTl 


(95); 47, (36); 100, 167 


60,67,71,112 




rOATlA 


(42) 


65 




rtOCTl 


ND,94 


62,71 




hQCU 


161, 260, 158 


69-71 




rOCT2 


52, (45); (34), 142 


67,112 




pOCT2 


(20), 38 


73 




hQCI2 


(76) 


64 




mQ£T2 


(1900) 


QQ 
00 




rOCT3 


(2500) 


80 




hocra 


1300 


83 




rOCTM 


960 


85 




hOCTNl 


(436) 


84 




mQCTN2 


ND 


88 




rOCTN2 


(63) 


88 




hOCTN? 


ND 


87,88,90,91 


Testosterone 


rOCT3 


ND 


66 


THA 


hOCTl 


3.0 


70 
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Table 3. (Continued) 



Compound 


1 ransponcr 


K;0T {K m )i\M) 


Reference 






ND 


88 


Thyroxine 


ro&tp2 


(6.5), ND 


54,56 


ro8tp3 


(4.9) 


54 


TMA 


mum JL 


2040 


71 


rflPTl 


1000,905 . 


60,71 




rhftfTl 


5800 


71 




hOPTl 


10,000, 12,000 


70.71 






180 


64 




rCiCTKO 


ND 


88 


Tolbutamide 


rvjAi l 


5S S 

uu.u 


28 


xreA 


rnHPTl 


ND 


71 




rOPTI 


0.43. ND 


60.71 




rbUL 1 1 


lsin 

IN JL/ 


71 

1 x 




nUla 1 


74 oc Mn 
o.O, iNJLI 






hOCT2 


1 c 

1.5 


04 


TPrA 


mOCTl 




/I 




rQCTl 


21 


»» i 
ll 




rbQCT) 


Off 

36 


H t 

71 




nOCTl 




70,71 


i nfiunaine 


rOATl 


KIT* 


29 


Tri -iodoi hyronine 


roatp2 


(O.o) 


04 




roatp3 


(7.3) 


54 


Tyramine 


t\QCT3 


ND 


81 


Urate 


rfiATl 

ru/w l 


xvu 


Id 




hOATl 


ND 


23 


Valproic acid 


rOATl 


ND 


15 




hOCTN2 


ND 


90 


Verapamil 


hOCTl 


2.9 


69 




rOCTNl 


ND 


85 




bOCTNl 


ND 


86 




hOCTN2 


ND 


88,90,91 




hOATPl 


ND 


52 


Vecuronium 
ZaJciiabine 


hOCTl 
rOATl 


120,232,237 
ND 


63,69,70 
29 



af . )Z*aZ!1^ th V om P° u, ! d »»wb«lMU. Otherwise, the compound has only been shown to inhibit the transport 
SSS^tf "wmk" kn °* n *• Iff » 8 substrate or on 'y an inhibitor) Values in parentheses in the K,/K m 

^Z^t sm^^^^r 1 B VBlu !- M ° f ? e avai,able Wnetic a « ^rted from the primary literature. 

IZ^r 1 ' ""P"™"" has not been determined, but the compound has been shown to inteAct with the 



ortholog. hOAT3. was cloned from kidney. 20 
K)AT3 and hOAT3 have 536 and 568 amino acid 
residues, respectively, and are predicted to have 
UTMDs. 

2. Tissue Distribution and Localization. North- 
em blot analyses showed that rOAT3 is most 
abundantly expressed in the liver, followed by 
the kidney, brain, and eye; hOAT3 transcripts 
are expressed abundantly in the kidney, and at 
lower levels in the brain, but were not detected 

,T.S*t ^nS aCen L ta ' ° f 0ther tissues ^ted 
■Table l>."-«The subcellular localization of OAT3 
w not known. 

""^ " M,,UtM * '"'"WWlWWft^ 200, 



3. Functional Characteristics. Uptake via rOAT3 
was shown to be sodium-independent, but its 
transport mechanism is not currently known. 
rOAT3 mediated the uptake of radiolabeled PAH, 
estrone sulfate, ochratoxin A, and cimetidine. 
This report is the first demonstrating that an OAT 
isoform can transport cimetidine, a weak base. 
Most of the other organic cations tested (TEA 
guanidine, etc.) did not interact with rOAT3. A 
number of compounds inhibited rOAT3-mediated 
uptake of labeled estrone sulfate. These com- 
pounds included probenecid, bumetanide, cefope- 
razone, piroxicam, furosemide, zidovudine (AZT), 
penicillin G (PCG), methotrexate, and cimetidine 
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iTable 3). 3:l In addition, several compounds did 
not inhibit the estrone sulfate uptake mediated by 
rOAT3, including indomethacin, digoxin, TEA, 
guanidine, and verapamil. Although there are 
many similarities in the substrate and inhibitor 
profiles of rOATl, rOAT2, and rOAT3, some 
interesting differences have been observed among 
these isoforms. In particular, the isoforms differ 
in their interactions with indomethacin: rOATl is 
potently inhibited by indomethacin (if,- = 10 liM), 
whereas rOAT3 activity is unaffected by it at 1 
mM. 2Mfl This finding suggests that it may be 
possible to develop OAT-isoform specific inhibi- 
tors, which would be of great value in determining 
the in vivo roles of these transporters (see "Out- 
look" Section). In contrast to rOAT3, hOAT3 has 
not been successfully expressed. In preliminary 
studies using Xenopus laevis oocytes injected with 
hOAT3 cRNA, PAH, urate, oxalate, and TEA 
transport was not enhanced above controls. 20 

OAT4 

L Molecular Characteristics. The 2210 base pair 
cDNA of hOAT4 was isolated from a human 
kidney library and is predicted to encode a 550 
amino acid protein. 36 As with other OAT isoforms, 
hOAT4 is predicted to consist of 12 TMDs. It only 
shares 38-44% sequence identity with the other 
OAT family members. 

2. Tissue Distribution and Localization. Northern 
blot analysis revealed that hOAT4 transcripts 
are abundantly expressed in kidney and placenta, 
but not in brain, liver, intestine, or other tissues. 
The intracellular membrane localization of hOAT4 
is not known. 

3. Functional Characteristics. Unlike other OAT 
isoforms, hOAT4 does not readily accept PAH as 
a substrate. It does, however, transport estrone 
sulfate, DHEA-s, and ochratoxin A The driving 
force of OAT4-mediated transport is undeter- 
mined. Inhibition studies revealed that hOAT4 
interacts with a wide variety of organic anions, 
including probenecid, penicillin G, indomethacin, 
furosemide, BSP, and others (Table 3). 

OAT-K1 

1. Molecular Characteristics. rOAT-Kl was iso- 
lated from a rat kidney cDNA library. A clone 
containing a 2.8-kb insert was isolated; it is pre- 
dieted to encode for a 669 amino acid protein 
consisting of 12 TMDs. rOAT-Kl does not share 



significant sequence identity with the OAT iso- 
forms and therefore appears to belong to a distinct 
gene family. 

2. Tissue Distribution and Localization. Data 
from Northern blot analysis and RT-PCR studies 
demonstrated that rOAT-Kl is expressed in the 
kidney, but not in the brain, heart, lung, liver, 
small intestine, or spleen; thus, rOAT-Kl appears 
to be a kidney-specific transporter (Table 1). 3/ 
rOAT-Kl was originally localized to the BLM 
based on functional studies using polarized LLC- 
PK! cells (Table 2). 37 In contrast, immunolocali- 
zation studies in isolated plasma membrane 
vesicles as well as functional characterization 
studies of rOAT-Kl in polarized MDCK cells 
indicate that this transporter is expressed in the 
BBM (Table 2). 38 ' 39 Further studies are needed to 
resolve these discordant results, 

3. Functional Characteristics. rOAT-Kl expres- 
sed in LLC-PKi cells mediates the BLM uptake of 
radiolabeled methotrexate, but not taurocholate, 
PGE 2 , or leukotriene C4. 37 In addition, rOAT-Kl, 
unlike most OATs, does not transport PAH. 37 
Methotrexate transport mediated by rOAT-Kl 
can occur bidirectionally in a sodium- and chloride- 
independent manner. 39 * 0 A number of NSAIDs 
interact weakly with rOAT-Kl (Table 3). 41 

0AT-K2 

L Molecular Characteristics. rOAT-K2 was iso- 
lated from a rat kidney cDNA library. 42 The 2.5- 
kb cDNA was predicted to encode a 498-amino 
acid protein that shares 91% identity with rOAT- 
Kl and is proposed to consist of 8 TMDs. 

2. Tissue Distribution and Localization. rOAT-K2 
is expressed in the kidney, but not in the 
brain, heart, lung, liver, small intestine, or spleen 
as determined by Northern blot and RT-PCR 
analysis (Table l). 42 In stably transfected MDCK 
cells, rOAT-K2 was localized functionally to the 
BBM (Table 2). 

3. Functional Characteristics. rOAT-K2 mediated 
the uptake of radiolabeled methotrexate, folate, 
taurocholate, and PGE 2 (Table 3) 42 This is in 
contrast to rOAT-Kl, which did not mediate folate 
or TCA uptake. However, the relative uptakes 
compared with controls were low (i.e., 1- to 14- 
fold). No enhanced uptake of indomethacin, 
digoxin, or testosterone was observed in rOAT- 
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K2 transfected cells compared with controls. 42 
Probenecid, indoraethacin, methotrexate, furose- 
mide, and benzylpenicillin reduced TCA uptake 
in rOAT-K2 transfected cells, as did numerous bile 
acid analogs and steroids (Table 3) i2 PAH inter- 
acts only weakly with rOAT-K2. 

OATP1 

1. Molecular Characteristics, roatpl was first 
cloned from a rat liver cDNA library using an 
expression cloning strategy in Xenopus laevis 
oocytes. 43 It shares 12% sequence identity with 
rOAT-Kl, suggesting that roatpl and OAT-Kl 
belong to the same gene family. Like OAT-Kl, 
roatpl does not share significant sequence iden- 
tity with the OAT isoforms. The human ortholog, 
termed hOATPl, has been cloned and charac- 
terized. 44 The rat and human clones are predicted 
to encode proteins of 670 amino acids, which are 
predicted to have 10-12 TMDs. The human pro- 
tein shares 67% identity with roatpl. 

2. Tissue Distribution and Localization, North- 
ern blot analysis shows that roatpl is expressed in 
the liver, kidney, brain, lung, skeletal muscle, and 
proximal colon but not in the heart or distal colon 
(Table I). 43 hOATPl has a similar tissue distribu- 
tion (Table 1) 44 Immunologic analysis of roatpl 
expression in the kidney reveals a BBM localiza- 
tion in the S3 segment of the proximal tubule 
(Table 2). 45 roatpl has also been localized to the 
BBM of choroid plexus epithelial cells, but inter- 
estingly is found on the BLM in the liver. 45,46 
Similar tissue-specific differences in membrane 
targeting have been reported for other transpor- 
ters as well 47 

3. Functional Characteristics. Functional studies 
indicate that roatpl and hOATPl mediate the 
sodium-independent uptake of a number of com- 
pounds including BSP, bile acids, and steroid 
conjugates (Table S). 43,44,48 PAH does not appear 
to interact with hOATPl. 44 The transport mecha- 
nism of roatpl may involve solute/HCOj ex- 
change, solute/GSH exchange, or another yet 
unidentified mechanism. 49,50 A large number of 
bile acids, steroid conjugates, neutral steroids, 
as well as a mycotoxin (ochratoxin A) are high- 
affinity substrates (i.e. low micromolar) of 
OATP1. 44,48 In addition, roatpl has been shown 
to transport the peptide-based drugs CRC 200 (a 
thrombin inhibitor) and enalapril (an angioten- 
sin-converting enzyme inhibitor; Table 3). 48,51 

IOMOM*' r\COi«*f'"*rMr (( '.- "<~ir. .^~r- -- • • -•»-« 




Both the human and rat OATPl homologs can 
transport the antihistamine fexofenadine (alle- 
gra; Table 3). 52 

OATP2 

1. Molecular Characteristics. roatp2 was isolated 
from a rat brain cDNA library. 53 It is predicted to 
encode a 661 amino acid protein that shares 11% 
sequence identity with roatpl. Like roatpl, 
roatp2 is predicted to have 12 TMDs. 

2. Tissue Distribution and Localization. Initial 
studies using Northern blot analysis indicated 
that roatp2 is highly expressed in the brain, liver, 
and kidney but not in the heart, spleen, lung, 
skeletal muscle, or testes (Table 1 ). 53 However, in 
a second study in which a more specific oligonu- 
cleotide probe was used, roatp2 was not detected 
in the kidney. 54 roatp2 has been localized to the 
BLM of choroid plexus epithelial cells and 
hepatocytes (Table 2)/ 55 ~ 57 

3. Functional Characteristics. roatp2 was shown 
to mediate the sodium-independent uptake of a 
number of bile acids and steroid conjugates 
including taurocholate, cholate, 17-p-estradiol- 
glucuronide, estrone-3-sulfate, as well as ouabain 
(Table 3). 53 roatp2 has also been shown to trans- 
port fexofenadine (allegra; Table 3). 52 Hence, 
based on the available data, the substrate selec- 
tivities of roatpl and roatp2 appear to overlap.' 
However, unlike roatpl, roatp2 was shown to 
mediate high-affinity digoxin uptake (Km^O.2 
fiM). 53 In addition, roatp2 has been shown to 
mediate the transport of thyroxine and triiodo- 
thyronine. 54 Other compounds that were tested as 
roatp2 substrates included PAH, pyruvate, gluta- 
mate, norepinephrine, corticosterone and leuko- 
triene C4, but none of these compounds appeared 
to be transported by roatp2. 53 

OATP3 

1. Molecular Characteristics. roatp3 was isolated 
from a rat retina cDNA library. 54 roatp3 contains 
670 amino acids and is predicted to possess 12 
TMDs. It shares 80% amino acid identity with 
roatpl and 77% with rOAT-Kl. 

2. Tissue Distribution and Localization. Northern 
blot analysis shows that roatp3 is expressed most 
abundantly in the kidney and at lower levels in 
retina and liver (Table l). 64 The intracellular 
localization of roatp3 is not known. 
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3. Functional Characteristics, roatp3 mediates 
the transport of taurocholate, thyroxine, and tri- 
iodothyronine in a sodium- and chloride-indepen- 
dent fashion (Table 3). 54 PAH does not interact 
with roatpS. 54 The transport mechanism of roatp3 
remains to be determined. Further functional 
characterization and intracellular localization of 
roatp3 will aid in understanding the role of this 
transporter in the renal elimination of drugs. 

Summary and Conclusions: Organic Anion 
Transporters 

Nine organic anion transporter isoforms, which 
are expressed in the kidney, have been cloned, 
and more isoforms may be identified in the future. 
How do the cloned transporters compare with the 
previously described transport systems found in 
tissue preparations and cell culture models? 
Based on the molecular 9tudies available thus 
far, it is clear that the renal organic anion tran- 
sport system is much more complicated at the 
molecular level. Of the nine cloned transporters, 
only one transporter, OAT1, exhibits characteri- 
stics of a previously described transport system— 
in this case, the classical basolateral membrane, 
tertiary, active PAH:dicarboxylate transport sys- 
tem. Hence, OAT1 is involved in the first step in 
the renal secretion of drugs — it transports drugs 
from the blood, across the BLM, and into renal 
epithelial cells. It has been found that the other 
organic anion transporters, like OATl, interact 
with numerous clinically used anionic drugs, so it 
is reasonable to presume that these transporters 
are also involved in the renal handling of organic 
anions. However, their roles in specific drug 
elimination have yet to be defined. One complicat- 
ing issue is the fact that the transport mechan- 
isms utilized by OAT2, OAT3, OAT4, OAT-Kl, 
OAT-K2, oatpl, oatp2, and oatp3 remain, for the 
most part, to be established. Several of these 
transporters appear to operate as exchangers or 
as facilitative transporters. However, without full 
knowledge of their transport mechanism(s), it 
is difficult to postulate, with reasonable certainty, 
the roles of these transporters in renal drug 
handling (e.g., secretion or absorption). In addi- 
tion t* th* mnsport mechanism, the intracellular 
localizator M the transporters must be establi- 
shed. Tiius far this has been determined in kidney 
only xur OATl, rOAT-Kl, and roatpl (Table 2). 
Likewise, a detailed profile of drug-transporter 
interactions needs to be established for each trans- 
porter. Thus far, functional studies— substrate 



inhibition studies or uptake studies with radio- 
labeled compounds — with the cloned organic 
anion transporters suggest that they interact 
with numerous structurally diverse compounds 
(Table 3). But substrate inhibition studies are 
limited because an inhibitor may or may not 
actually be translocated by a transporter, and 
uptake studies with radiolabeled compounds are 
limited to the availability of labeled compounds. 
Clearly, more robust and high-throughput assays 
are needed to study drug-transporter interac- 
tions in pharmaceutical laboratories. An example 
of these is an electrophysiological-based assay 
that has been used successfully to differentiate 
between substrates and inhibitors for the flounder 
OATl ortholog. 68 And recently, a fluorescence- 
based assay has been developed to screen for 
hOATl-drug interactions. This assay appears to 
have the potential to be used for high-throughput 
screening. 59 

TRANSPORTERS INVOLVED IN THE RENAL 
ELIMINATION OF ORGANIC CATIONS 

Background and Significance 

Renal secretion is a major pathway of elimina- 
tion for many clinically used organic cations. For 
example, amantadine, cimetidine, pindolol, and 
quinidine are all secreted by the kidneys. 1 In 
addition, transport of toxic organic cations (e.g., 
paraquat) into the kidneys may lead nephrotoxi- 
city. Over the past several decades, the mechan- 
isms of renal organic cation transport have been 
investigated using a number of different tissue 
preparations and cell culture models. 2,4,6 From 
these studies it was determined that multiple 
organic cation transporters exist in the BLM 
and BBM of the kidney. These transporters are 
found primarily in the proximal tubule and, to a 
lesser degree, in the distal tubule. At the BLM, 
several potential-sensitive organic cation trans- 
port mechanisms have been described. 2,4 Thus, 
organic cations are transported across the BLM 
down the electrochemical gradient. In contrast, 
at the BBM, organic cation-proton antiport 
mechanisms have been described. 2,4 In this case, 
organic cations are transported from inside the 
cell into the tubule lumen in exchange for a 
luminal proton. These two systems working toge- 
ther result in net secretion of organic cations from 
the blood to the tubule fluid. Recently, a number 
of the transporters involved in these processes 
have been cloned. 
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To date, five distinct organic cation transporter 
isoforms have been isolated. Based on sequence 
analysis and functional data, these transpor- 
ters fall into one of two gene families: OCT or 
OCTN. 6 ' 8 ' 9 ' 11 The transporter isoforms have been 
termed OCTl, 0CT2, OCT3, OCTNl, and OCTN2. 
They are all expressed to some degree in the 
kidney and are likely to play a role in the renal 
elimination of cationic drugs. To understand the 
role of these transporters in renal drug elimina- 
tion, their transport mechanisms, membrane loca- 
lizations, and substrate/inhibitor selectivities need 
to be determined. Next we summarize this infor- 
mation for each of the organic cation transporter 
isoforms. 

OCTl 

1. Molecular Characteristics. The first organic 
cation transporter, rOGTl, was cloned by Grun- 
demann and co-workers in 1994, from a rat kidney 
cDNA library using expression cloning techniques 
in Xenopus laevis oocytes. 60 rOCTl is 554 amino 
acids in length and is predicted to have 12 TMDs. 
Following the cloning of rOCTl, the rabbit, mouse, 
and human orthologs were cloned using homology- 
based cloning methods. 61 * 64 These transporters 
have been termed rbOCTl, mOCTl, and hOCTl, 
respectively. The human and rabbit orthologs are 
~80% identical to rOCTl, whereas mOCTl shares 
higher sequence identity with rOCTl. In addition, 
a novel splice variant of rOCTl, termed rOCTl A, 
was later cloned by Zhang and co-workers. 65 This 
variant is virtually identical to rOCTl with the 
exception of a 104 base pair deletion at the 5- 
prime end of the cDNA. 

2. Tissue Distribution and Localization. Much 
work has been done to characterize the tissue 
expression patterns and membrane localization of 
OCTl. Northern blot analyses and in situ hybri- 
dizations show that mRNA transcripts of rOCTl 
are primarily expressed in the liver (hepatocytes) 
and kidney (in the proximal tubules) and are 
expressed at lower levels in the small intestine 
(enterocytes) (Table 1 ) 60,66 In the kidney, rOCTl 
has been further localized to the BLM, whereas in 
the liver, it has been localized to the sinusoidal 
membrane of the hepatocyte (Table 2). 67 ' 68 
Although the rabbit, mouse, and human homologs 
of OCTl have not yet been localized to particular 
membranes, their tissue expression patterns have 
been determined and are, in general, similar to 
those of rOCTl (Table 1). However, the relative 
amounts of each isofonn may vary from one tissue 



to another. Both rbOCTl and hOCTl are ex- 
pressed most strongly in the liver and have lower 
levels of expression in other tissues, including the 
kidney and intestine (as well as the muscle and 
heart, for hOCTl). 62 - 64 Thus, overall, OCTl has a 
wide tissue distribution with primary expression 
in the kidney and liver. 

3. Functional Characteristics. All of the OCTl 
orthologs have been shown to take up the pro- 
totypical organic cations TEA and/or MPP''. 
Furthermore, studies in X. laevis oocytes have 
shown that transport of these organic cations by 
rOCTl, rbOCT 1, and hOCTl is sensitive to mem- 
brane potential, a characteristic of the renal BLM 
organic cation transporter . 6,6 °* 62 * 63 In addition, 
transport of substrates by rOCTl is significantly 
inhibited by numerous drugs, including procaina- 
mide, desipramine, clonidine, araC, and AZT 
(Table 3). Many drugs also significantly inhibit 
hOCTl. A recent study has shown that hydro- 
phobicity is a major determinant of drug interac- 
tions with hOCTl (Table 3). 69 * 70 In general, the^ 
values of most organic cations are higher for 
hOCTl than for rOCTl, suggesting that hOCTl 
may have a lower affinity for organic cations. 69,71 
In a study comparing the kinetics and substrate 
selectivities among the cloned OCTl transporters 
from mouse, rat, rabbit, and human, significant 
differences were found among these four trans- 
porters, which suggests that OCTl may be respon- 
sible, in part, for interspecies differences in the 
absorption, distribution, and elimination of orga- 
nic cations. 71 

OCT2 

1. Molecular Characteristics. Soon after the clon- 
ing of rOCTl, rOCT2 was cloned from a rat kidney 
cDNA library. 72 Subsequently, the pig, mouse, 
and human orthologs were cloned and termed 
pOCT2, mOCT2, and hOCT2, respectively. 64 ' 73,74 
The OCT2 cDNAs are predicted to encode proteins 
of 593, 555, 554, and 555 amino acids in length for 
the rat, human, pig, and murine homologs, respec- 
tively. All of the OCT2 proteins are predicted to 
consist of 12 TMDs. 

2. Tissue Distribution and Localization. Unlike 
OCTl, which has a wide tissue distribution, OCT2 
is expressed predominantly in the kidney and to a 
lesser extent in the brain (Table i). 64 ' 72 " 76 In situ 
studies demonstrate rOCT2 expression exclu- 
sively in the S3 segment of the proximal tubule. 75 
The membrane localization of OCT2 has been 
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extensively studied, but many discordant results 
are found in the literature (Table 2X 8 ' 6467 - 73 ' 77 
However, detailed mechanistic studies in stably 
transfected MDCK cells suggest that rOCT2 is a 
potential sensitive transporter, which is consis- 
tent with a renal BLM OCT, and not a BBM 
organic cation:proton exchanger (Table 2). 77 

3. Functional Characteristics. TEA is a sub- 
strate of rOCT2, hOCT2, and pOCT2. rOCT2, 
like OCT1, is a potential-sensitive transporter. 77 
The OCT2 class of transporters appears to interact 
with many of the same organic cation drugs as 
0CT1, including procainamide, desipramine, 
and cimetidine (Table 3). In fact, inhibition of 
TEA uptake in stably transfected MDCK cells 
indicates that rOCTl and rOCT2 have similar 
affinities for many organic cations. 67 But more 
work is needed to determine if the specificities of 
these two isoforms completely overlap — a recent 
study has shown that there are differences 
between rOCTl and rOCT2 specificities, at least 
for some compounds. 78 Studies in rOCT2 express- 
ing NIH3T3 cells have shown that the anticancer 
drug cisplatin inhibits TEA uptake with a Ki of 
925 nM, but other antitumor agents, such as 
daunomycin and vinblastine, did not interact with 
rOCT2. 79 

OCT3 

1. Molecular Characteristics. OCT3 was first 
cloned from a rat placental cDNA library. 80 Sub- 
sequently, the human and mouse orthologs were 
cloned. 81 "* 83 OCT3 from rat and mouse each have 
551 amino acid residues, whereas the human has 
556; all three transporters are predicted to consist 
of 12 TMDs. At the protein level, rOCT3 shares 95 
and 83% identity with mOCT3 and hOCT3 (EMT), 
respectively. The OCT3 proteins share -50% 
identity with the other two OCT isoforms. 

2. Tissue Distribution and Localization. Unlike 
OCT1 and OCT2, OCT3 is expressed at high 
levels in the placenta. In addition, Northern blot 
analysis demonstrates that rOCT3 is also ex- 
pressed in the kidney, intestine, heart, and brain 
(Table l). 80 Studies using in situ hybridization 
have further localized rOCT3 to the hippocampus, 
cerebellum, and cerebral cortex regions of the rat 
brain and to the cortex of the mouse kidney. 66 * 83 
Although the expression pattern of mOCT3 is 
similar to that of rOCT3, hOCT3 has a much 
broader tissue distribution. 82 Northern blot ana- 
lysis has shown that in addition to the placenta, 



hOCT3 is highly expressed in the aorta, liver, 
prostate, salivary glands, adrenal glands, skeletal 
muscle, and fetal lung 82 Intracellular localization 
of OCT3 has not yet been determined in any 
species. 

3. Functional Studies. Studies in a transfected 
human retinal pigment epithelial cell line (HRPE) 
and Xenopus laevis oocytes have demonstrated 
OCT3-mediated transport of the prototypical 
organic cations TEA, guanidine, and MPP+. 80 ' 33 
Efflux studies in HeLa cells as well as electro- 
physiology studies in oocytes have shown that 
TEA transport via rOCT3 is H + -independent and 
membrane potential dependent — the functional 
characteristic of a renal BLM organic cation tran- 
sporter. 80 Studies suggest that rOCT3 interacts 
with dopamine, the neurotoxins amphetamine 
and methamphetamine, as well as a variety of 
steroids (Table Z). 66 TEA uptake in rOCT3- 
transfected HRPE cells shows marked inhibition 
by the steroids p-estradiol, corticosterone, deoxy- 
corticosterone, papaverine, testosterone, and pro- 
gesterone. Uptake studies have shown that 
hOCT3 transports a variety of organic cations, 
including catecholamines. 81,83 

OCTN1 

1. Molecular Characteristics The first member of 
a new subfamily of organic cation transporters 
(OCTNs), termed hOCTNl, was cloned from 
human fetal liver by Tamai and co-worker6 in 
1997. 84 Recently, rOCTNl, the rat ortholog, was 
cloned from placenta. 85 hOCTNl and rOCTNl 
consist of 551 and 553 amino acids, respectively, 
and are predicted to have 12 TMDs. These two 
OCTN1 orthologs share 85% identity at the pro- 
tein level; in addition, they share <v70% identity 
with OCTN2 and -30% identity with the OCT 
family. hOCTNl is unique among the organic 
cation transporters in that it has a nucleotide 
binding site sequence motif. 84 

2. Tissue Distribution and Localization. Initial 
studies suggest that hOCTNl has a broad tissue 
distribution. Northern blot analysis shows strong 
mRNA expression of hOCTNl in fetal kidney, 
lung, and liver as well as adult kidney, trachea, 
and bone marrow (Table l). 84 Weak signals 
are detected in many other tissues. In addition, 
hOCTNl mRNA transcripts are detected in 
several human cancer cell lines. rOCTNl is also 
expressed in numerous tissues: intestine, liver, 
kidney, brain, thymus, lung, heart, spleen, and 

JOURNAL OF PHARMACEUTICAL SCIENCES, VOl. 90, NO. 4, APRIL 2001 



414 DRESSER. LEABMAN, AND GIACOMINI 



skin (Table I). 85 Intracellular localization 
studies have not yet been performed for either 
transporter. 

3. Functional Characteristics. rOCTNl and 
hOCTNl accept the prototypical organic cation, 
TEA, as a substrate. 84 - 85 However, kinetic studies 
in transfected cells and X. laevis oocytes have 
shown that their affinity for TEA is lower than 
that of the OCT family (Table 3)^ M TEA efflux 
from transfected HEK293 cells expressing 
hOCTNl is stimulated by acidic pH in the exter- 
nal media, suggesting that transport via hOCTNl 
might be driven by a H 1 " gradient the driving 
force of the renal BBM transport system. 86 
hOCTNl transports not only TEA, but also other 
drugs and endogenous compounds including 
quinidine, verapamil, and carnitine (Table 3). 86 
In addition, hOCTNl is inhibited by a variety of 
structurally diverse compounds including cimeti- 
dine, procainamide, pyrilamine, quinine, cepha- 
loridine, and verapamil (Table 3) 86 rOCTNl 
interacts with many of these compounds, but 
some specificity differences between rOCTNl and 
hOCTNl have been reported (Table 3). 85 

OCTN2 

J. Molecular Characteristics. hOCTN2 was 
originally cloned from a human placental tropho- 
blast cell line using homology screening. Since 
then, the mouse and rat homologs of OCTN2 have 
also been isolated. 87 ' 88 The OCTN2 cDNAs are 
predicted to encode proteins of 557 amino acids 
and consist of 12 TMDs. The three OCTN2 ortho- 
logs share ~83% identity in amino acid sequence. 
OCTN2 is -88% similar to hOCTNl and, like 
OCTN1, contains a nucleotide binding site sequ- 
ence motif. OCTN2 shares -35% identity with 
members of the OCT family. 

2. Tissue Distribution and Localization. Northern 
blot analysis has shown that hOCTN2 is strongly 
expressed in fetal as well as adult kidney, skeletal 
muscle, placenta, heart, prostate, thyroid, and 
brain (Table l). 89 The fetal expression of OCTN2 
differs from that of OCTN1 in that hOCTN2 
is expressed mainly in the kidney, whereas 
hOCTNl is expressed mainly in the liver. How- 
ever, both hOCTNl and hOCTN2 have a fairly 
wide tissue distribution. In situ hybridization 
studies demonstrated that rOCTN2 is expressed 
in the kidney (cortex), heart, placenta, and brain 
(Table l). 88 
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3. Functional Characteristics. Studies in trans- 
fected HEK293 cells have shown that unlike most 
organic cation transporters, hOCTN2 does not 
significantly take up TEA. 89 However, it trans- 
ports carnitine in a sodium-dependent fashion. 89 
Carnitine transport can be inhibited by desipra- 
mine and verapamil. 88 In contrast, the rat homo- 
log rOCTN2 takes up TEA to an extent greater 
than carnitine. 88 Studies in HRPE cells have 
demonstrated that rOCTN2 TEA uptake is 
sodium-independent, whereas rOCTN2-mediated 
carnitine uptake is sodium-dependent. 88 Both 
hOCTN2 and rOCTN2 transport the acyl esters 
of carnitine, acetyl-L-ester and propionyl-L-carni- 
tine and exhibit electrogenic transport of carni- 
tine. 88 In addition, both transporters have been 
shown to interact with numerous drugs; however, 
comprehensive substrate specificity studies, 
including kinetic studies, remain to be performed 
(Table 3). 88 ' 90 Recently Wagner and co-workers 
have shown that carnitine transport via hOCTN2 
is electrogenic. 91 In addition, they conducted 
experiments to determine whether hOCTN2 is 
also capable of operating as an organic cation- 
proton antiporter using TEA, choline, and carni- 
tine as model organic cations; the results of these 
experiments suggest that hOCTN2 does not func- 
tion in this mode. 91 

Summary and Conclusions: Organic Cation 
Transporters 

Five organic cation transporter isoforms have 
been cloned thus far: OCTl, OCT2, OCT3, OCTN1, 
and OCTN2. Based on their functional character- 
istics — namely, sensitivity of membrane poten- 
tial— OCTl, OCT2, and OCT3 are likely to be 
found within the BLM of epithelial cells in the 
kidney. Hence, these transporters are most likely 
involved in the first step in the renal secretion of 
drugs (i.e., transporting drugs from the blood into 
tubule cells across the BLM). But so far, only 
rOCTl has been convincingly localized to the BLM 
of the kidney, so caution is warranted until 
definitive localization studies for the other iso- 
forms are reported. In contrast, OCTN1 is 
thought to transport organic cations in exchange 
for protons, which is consistent with a renal BBM 
transporter. However localization and further 
mechanistic studies are still needed to confirm 
these speculations. Although OCTN2 transports 
the small zwitterion carnitine in a sodium- 
dependent fashion, organic cations are transpor- 
ted in a sodium-independent manner. It is cur- 
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rently not known to which membrane OCTN2 is 
localized. 

All of the organic cation transporter isoforms 
have been shown to interact with numerous struc- 
turally and pharmacologically diverse compounds 
(Table 3). However, it is not currently clear 
whether most of these compounds are bona fide 
substrates of the transporters or only inhibitors. 
The wider use of more robust assays, such as the 
voltage-clamp assay, should help address this 
problem. 71 ' 83 ' 91 ' 92 

OTHER TRANSPORTERS INVOLVED IN THE 
RENAL ELIMINATION OF DRUGS 

In addition to the transporters just discussed, 
other transporters are involved in the renal 
elimination of drugs. Although not the subject 
of this review, we feel that it is important to men- 
tion them and to direct the reader to pertinent 
references. Based on the data available, it is likely 
that multidrug resistance-associated proteins 
(MRPs) play important roles in the renal handling 
of drugs-all six MRP isoforms have been detected 
in the kidney and interact with numerous anionic 
drugs and their metabolites. 93 " 95 MRP1, MRP3, 
and MRP5 are localized to the BLM and MRP2 
is localized to the BBM. Recently, MRP2 has 
been shown to mediate the transport of PAH, the 
classical organic anion used to study renal organic 
anion transport mechanisms. 96 ' 97 Hence, MRP2 
may be the most relevant MRP isofonn in the 
renal secretion of drugs, but much more work is 
needed to determine the roles of these transpor- 
ters in renal drug transport. The multidrug 
resistance protein P-gJycoprotein CP-gp) interacts 
with numerous drugs, including a variety of 
organic cations. 98 " 100 P-gP is expressed in the 
BBM in renal cells, where it transports drugs 
from the tubule cells into the tubule lumen. P- 
gp knock-out mice have been generated and have 
become invaluable in elucidating the role of this 
transporter in drug absorption, disposition, and 
elimination. 102 " 1 

OUTLOOK AND FUTURE DIRECTIONS 

During the pastdecade, significant progress has 
been made in the cloning and molecular charac- 
terization of renal organic anion and organic 
cation transporters. Based on the characteriza- 
tion studies of the available cloned organic cation 
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and anion transporters, it is clear that many drugs 
interact with multiple transporter isoforms. For 
example, methotrexate is known to interact with 
five different organic anion transporters (Table 3), 
as well as MRPl and MRP2. 105 What roles do 
these transporters play in the renal elimination of 
methotrexate or other drugs? At present, it is 
extremely difficult to dissect the role of any 
individual transporter in the renal handling of 
drugs. To address this problem, at a minimum, 
the intracellular localization and driving force(s) 
of the transporters must be established; as 
discussed in this review, much more work is 
needed in these areas. Ideally, a knock-out animal 
model or an isoform-specific inhibitor should be 
used to better assess the in vivo roles of each 
transporter in drug elimination. For example, P- 
gp knock-out mice have been invaluable in 
elucidating the role of this transporter in drug 
disposition. 102 - 104 Currently, .neither knock-out 
mice nor isoform specific inhibitors exist for any 
organic cation or organic anion transporter. Other 
animal models, such as the nematode C. elegans, 
may ultimately prove useful in elucidating the 
roles of these transporters in the whole animal; 
recently, an organic cation transporter and an 
organic anion transporter were isolated from 
C. elegans. 106 - 101 Finally, there have been very 
few studies on the genetic variations of organic 
anion or organic cation transporters in human 
populations. Such variants could have profound 
effects on interpatient variability in drug res- 
ponse and pharmacokinetics. Recently, a fang 
tional polymorphism of P-gp was discovered. 
In summary, 14 distinct organic anion and 
organic cation transporter isoforms have been 
cloned. With the completion of the human, as 
well as other, genome projects, all of the xenobio- 
tic transporters will soon be identified. Much 
work remains to be done to reach the ultimate 
goal of understanding the in vivo roles of these 
transporters in drug absorption, disposition, and 
elimination. With the likely future development 
of transporter-knock-out mice and the utilization 
of more sophisticated electrophysiological- and 
fluorescence-based assays to screen for drug- 
transporter interactions, this goal could be re- 
ached within a decade. 



ABBREVIATIONS 

The following abbreviations are used: araC, 
cytosine arabinoside; BBM, brush border mem- 
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brane; BLM, basolateral membrane; BSP, sulfo- 
bromophthalein; ClAdo, 2-chlorodeoxy adenosine; 
DHEA-s, dehydroepiandrosterone sulfate; DMA, 
dimethylamiloride; dTub, 2 , -deoxytubercidin; GSH f 
reduced glutathione; MDCK, Madin -Darby 
canine kidney; MPTP, l-methyl-4-phenyR2,3,6- 
tetrahydropyridine; MPP + , l-raethyl-4-phenyl- 
pyridinium; MRP, multidrug resistance- 
dated protein; NMN, N^methylnicoLijia^ide; 
NSAID, nonsteroidal anti-inflammctory drug; 
P m g?f -P-glycoprotein; oatp, organic anicn-tran* 
porting polypeptide; OAT, organic anion trans- 
porter; OCT, organic cation transporter; OCTK, 
novel organic cation transporter; ORF, open read- 
ing frame; PAH, para-aminohippurate; PCG, 
penicillin G; PGE* prostaglandin E2; PMEDAP, 
9-[2-phosphonylmethoxyethyl]diaminopurine; 
PMEG, 9-[2-phosphonylmethoxyethyl]guanine; 
RPA, RNase protection assay; TBA, tetrabuty- 
lammonium; TBuMA, tributylmethylammonium; 
TCA, taurocholate; TEA, tetraethylammonium; 
THA, tetrahexylammonium; TMA, tetramethy- 
lammonium; TMD, transmembrane domain; TPeA, 
tetrapentylammonium; TPrA, tetrapropylammo- 
nium. 
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